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In frustrated magnets, long-range magnetic order fails to develop even at millikelvin temperatures T because of strong quantum fluctuations. The low-lying excitations are currently of great interest (7) (8) (9) . The pyrochlore Tb 2 Ti 2 O 7 is an insulator in which Tb and Ti define interpenetrating networks of tetrahedra (10) . Each Tb 3+ ion has a large local moment [9.4 bohr magnetons (m B )], but the lowest lying level is a crystal-field induced spin-1/2 doublet. The spin-spin interaction is of the antiferromagnetic Ising-type, with easy axis along the local (111) axis. Susceptibility experiments report a Curie-Weiss temperature q = -19 K (10, 11). However, long-range order is not detected down to 50 mK (11, 12) . Neutron scattering observed diffuse scattering in zero H, which condensed to a Bragg peak at (002) when H = 2 T (13). Recently, neutron diffraction at 50 mK and H = 0 has detected elastic diffusive peaks at (1/2, 1/2, 1/2), with short correlation length (x ∼ 8 Å) (14) and "pinch points" (15) , which is suggestive of incipient spin-ice order subject to strong quantum fluctuations. Distinct from classical spin-ice pyrochlores (such as Dy 2 Ti 2 O 7 ) (16), the ground state of Tb 2 Ti 2 O 7 and Yb 2 Ti 2 O 7 -broadly termed "quantum spin ice" (7, 8, 17) -is predicted to host the quantum spin liquid (at T = 0) and the thermal spin-liquid (when entropy dominates at finite T), as well as a still unidentified Coulomb ferromagnetic state (17) (18) (19) . All three states harbor exotic excitations.
In spite of the extensive experimental literature, nearly nothing is known about the transport properties of the spin excitations. Here, we show that k xy provides a powerful way to detect the excitations and determine their properties.
We investigated two crystals, cut with the x-y plane (largest face) normal to (110) in sample 1 and normal to (111) in sample 2. With H || z and thermal current density J q || x (Fig. 1) , we measured the longitudinal gradient −∂ x T and the transverse gradient −∂ y T to obtain the thermal resistivity tensor W ij (defined by −∂ i T = W ij J qj ) and the thermal conductivity tensor k ij = W ij −1 .
Throughout, we plot k ij divided by T in order to remove the entropy factor. The thermal Hall angle is defined by tanq H = k xy /k xx = W yx /W xx . For measurements of −∂ y T, three types of thermometers were used: ruthenium oxide (T < 15 K), Cernox (10≤ T ≤ 40 K), and chromel-constantan thermocouples (T ≥ 25 K). The magnetoresistances of the thermometers were extensively calibrated. At 1 K, we resolve 0.5 mK in the Hall signal for a longitudinal d x T ∼ 100 mK. The fragility of the crystals above 5 T and the unusually large magneto-caloric effect in Tb 2 Ti 2 O 7 below 5 K posed challenges that required specially designed mounts and measurement protocols (20) . The observed Hall response in Tb 2 Ti 2 O 7 becomes quite large below 15 K. Seeing a large thermal Hall signal in an orange, transparent crystal is strongly counterintuitive (because transparency implies the complete absence of charge carriers, the usual source of a Hall current). Hence, we have performed several tests in order to verify that it is intrinsic (20) . The Hall signal (always "holelike") should be independently antisymmetric in H and in J q . To reverse J q , we warmed up the sample and reconfigured the Au wires. The Below 15 K, the weak-field slope [k xy /TB] 0 is nearly Tindependent. Below 3 K, the field profile shows additional features that become prominent as T → 0-namely, the sharp peak near 1 T and the broad maximum at 6 T. data in Fig. 1A confirm that the Hall-angle ratio −∂ y T/|∂ x T| at 15 K is indeed antisymmetric in both H and J q . The ratio remains virtually the same when the applied heater power is increased (open symbols in Fig. 1A) , indicating a linear response. In addition, we performed thermal Hall measurements on the nonmagnetic analog Y 2 Ti 2 O 7 (Fig. 1B) and verified that it displays a null result (unresolved from our background signal, which is 1700× weaker than in Tb 2 Ti 2 O 7 ).
The T dependence of the thermal conductivity k (≡ k xx in H = 0) (Fig. 1C) reveals an interesting feature at very low T. Initially, as we cool below 150 K, k/T attains a broad peak at 40 K and then decreases steeply, reflecting freezing out of the phonons. Below 1 K, k/T settles to a constant value (Fig. 1D) . The constancy in k/T-incompatible with phonon or magnon conduction-is reminiscent of a dirty metal. Despite the complete absence of itinerant electrons, the heat current is conveyed by neutral excitations that seem to behave like fermions.
In finite H, k xx displays a rich pattern of behavior (Fig. 2) [previous measurements of k xx versus H are available in (21)]. Above ∼80 K, k xx /T is nearly insensitive to H, which is consistent with heat conduction dominated by phonons ( fig. S6 ). Below 80 K, a fairly large H dependence is observed (Fig. 2A ). An 8-T field suppresses k xx by 25 to 30% over a broad T interval 7 to 80 K. In sample 2, with H || (111), the field profile is nearly flat for 3 < T < 5 K (Fig. 2B) . Below 3 K, the profile is dominated by a step-increase (by a factor of 4.5 at 0.84 K) that onsets at the step-field H s (arrow). H s (∼2 T from 0.84 to 2 K) agrees well with the field H 2 detected by susceptibility (22) . In neutron scattering (13), the checkerboard diffuse scattering condenses to a sharp Bragg spot at (002) at 2 T. As seen here, k xx undergoes a fourfold increase partly from spin waves stiffened by H and from phonon lifetime enhancement (12) .
The thermal Hall conductivity (as k xy /T) in sample 2 (the curves for sample 1 are similar) is plotted in Fig. 3 . The Hall signal is positive (holelike) at all T. Above 35 K, k xy /T is H-linear with a slope that decreases nominally as 1/T (Fig. 3A) . The thermal Hall response becomes large and generally nonlinear in H below 15 K. Cooling below 3 K reveals several features (Fig. 3B) . Close to 1 T, k xy /T displays a shoulder that evolves to a peak feature at 0.84 K. We discuss this important peak in relation to the Hall angle below. Above 1 T, k xy /T goes through a shallow minimum followed by a broad maximum at 6 T.
A striking feature of the Hall curves in Fig.  4C for both samples. As T is lowered from 140 K, the rapid increase of [k xy /TB] 0 saturates abruptly below 15 K to a constant, within our uncertainties. The thermal Hall effect becomes large below this crossover temperature. In contrast, the Hall angle in weak H does not saturate (Fig. 4A) . The initial slope [tanq H /B] 0 continues to increase as T falls from 15 → 0.84 K, a behavior also reminiscent of metals, in which [tanq H /B] 0 ∼ l (the mean free path). As mentioned, tanq H displays a prominent peak at the "peak field" H p (T) (blue arrow). For H > H p , the Hall response is strongly suppressed (curves at 1 K and 0.84 K). We plot H p versus T as solid circles in Fig. 4B and find that it nearly coincides with the low fieldscale H 1 (dashed curve) recently reported in (22) .
Further information on the crossover field comes from the Hall-angle slope tanq H /B. It is useful to regard tanq H /B as a "susceptibility" that measures the strength of the off-diagonal (Hall) response. If we fix H and vary T, we obtain the curves shown in Fig. 4D . At zero H, tanq H /B rises monotonically as T → 0.84 K. At finite H, however, each curve displays a distinct maximum that defines the field scale H p ′(T). Plotted in Fig. 4B , the curves of H p ′ (open circles) and H p (solid circles) demarcate the region in which the Hall susceptibility tanq H /B is largest (darkest shading). The "phase diagram" highlights a crucial feature of the Hall excitations and its host quantum state. As noted (Fig. 4, A and D) , the Hall susceptibility tanq H /B peaks at H p then falls steadily, reaching nearly zero at the step field H s . To us, this suggests that the host state, subject to strong quantum fluctuations, is readily suppressed by a large H. At low T, it is confined to the narrow wedge defined by the field H p (and H p ′). We discuss next why k xy cannot be caused by phonons or magnons.
A weak phonon Hall effect was observed (23) in the garnet Tb 3 Ga 5 O 12 . We already mentioned that the constancy of k/T below 1 K in our samples (Fig. 1C) is incompatible with phonon conduction. Despite the small k, tanq H (at 1 T) is 90× larger than in the garnet. More importantly, the curve of tanq H versus H provides a sharp test. In the phonon scenario, skew scattering from local moments in the disordered state yields a weak Hall signal at low H. As H increases, alignment of the moments should lead to an increasing tanq H , especially above H s , where the magnetization is ∼ 3 m B per Tb ion (22) . Instead, the opposite is observed; tanq H rapidly falls to nearly zero when the host quantum state is suppressed above H p . This strong contradiction persuades us that phonons are not the origin of k xy .
The true ground state of Tb 2 Ti 2 O 7 is still elusive (9, 24) . The incipient two-in, two-out correlation measured at 70 mK (14) has a very short x (∼ 8 Å). At our T (> 0.84 K), x should be even shorter, so that the spin excitations responsible for k xy cannot be conventional magnons. Indeed, the constancy of [k xy /T] 0 below 15 K in Fig. 3C violates the power-law dependence (with a > 2) predicted by the magnon model (3) .
Instead, our results point to neutral excitations subject to a Lorentz-like force F L = e s v × B, with e s an effective charge and v the drift velocity driven by −∇T (Fig. 1A) . As noted in (1), if the spin excitations are fermionic, the Wiedemann-Franz law requires k/T to be T-independent at low T. Hence, the constancy of k/T seems consistent with neutral fermionic excitations below 1 K, where l is no longer T-dependent. The sign of k xy implies e s is positive, and a crude estimate gives e s = 70 to 540× the elemental charge e (20).
